Abstract. Pronounced enhancements of total and tropospheric ozone were observed with the Brewer spectrophotometer and ozonesondes at Watukosek (7.5øS, 112.6øE), Indonesia in 1994 and in 1997 when extensive forest fires were reported in Indonesia. The integrated tropospheric ozone increased from 20 DU to 40 DU in October 1994 and to 55 DU in October 1997. On October 13, 1994, most ozone mixing ratios were more than 50 ppbv throughout the troposphere and exceeded 80 ppbv at some altitudes. On October 22, 1997, the concentrations were more than 50 ppbv throughout the troposphere and exceeded 100 ppbv at several altitudes. The coincidences of the ozone enhancements with the forest fires suggest the photochemical production of tropospheric ozone due to its precursors emitted from the fires for both cases. The years of 1994 and 1997 correspond to E1 Nifio events when convective activity becomes low in Indonesia. Thus, in this region, it is likely that pronounced enhancements of tropospheric ozone associated with extensive forest fires due to sparse precipitation may take place with a period of a few years coinciding with E1 Nifio events. This is in a marked contrast to the situation in South America and Africa where large-scale biomass burnings occur every year.
Introduction
An aircraft measurement program in Brazil in 1979-1980 was one of the earliest in situ observations that confirmed that the elevated ozone concentrations were a result of photochemical production due to the ozone precursor gases (nitric oxide (NO), carbon monoxide (CO), and hydrocarbons) emitted from biomass burning [Crutzen et al., 1985] . Since then, the significant contribution of forest and savanna fires to the tropical tropospheric ozone has been widely recognized. By using satellite data, Fishman et al. [ 1990] ozone precursors and aerosols was emitted from the fires and that tropospheric ozone was produced photochemically near the burning plumes. Observed ozone increases due to the burning emissions were mostly in the range of 40-100 ppbv and sometimes up to 160 ppbv. The enhancements of ozone correlated with those of aerosols and other trace gases in almost all the cases. Biomass burning is most intense in the tropics during the AugustOctober period in the southern-hemispheric part of South America, Africa, and Asia including northern Australia, but is always observed somewhere within 60øN and 40øS latitudes throughout the year [Andreae, 1993] . However, tropical observations of atmospheric composition influenced by the fires are limited to South America and Africa; the situation around Indonesia is scarcely known though the area also has a rich biomass of tropical rain forests and cultivated fields. We have been conducting total ozone observation with the Brewer spectrophotometer since November 1993 and regular ozonesonde sounding since May 1993 at Watukosek (7.5øS, 112.6øE), East Java, Indonesia (Figure 1) , 40 DU and 55 DU correspond to 100% and 175% increases of the tropospheric ozone, respectively. These increases of the tropospheric ozone correspond to 60% and 100% of the total ozone increases in 1994 and in 1997, suggesting that most of the total ozone enhancements during these periods originated in the troposphere.
1994 Enhancement
The period between June 1994 and March 1995 coincided with an E1 Nifio event [Trenberth, 1997] ; thus the convective activity in Indonesia was low. Between August and October 1994, widespread forest fires occurred in Sumatra Island and the southern part of Borneo Island (Kalimantan) due to sparse precipitation and developing agricultural activity. Singapore Meteorological Service [ 1995] reported the temporal variation of the fires as follows: They began in July, spread in the last week of August, and lasted till the beginning of November when it began to rain. By using the satellite total ozone data from the Meteor-3/Total Ozone Mapping Spectrometer (TOMS), we investigated the monthly mean total ozone distribution around Indonesia during this period. We found that a regional-scale enhancement with a maximum of 280 DU was centered over the eastern Indian Ocean adjacent to Sumatra Island in October and that Watukosek was located at the easternmost side of the ozoneenhanced region [Fujiwara et al., 1998a] . From the observations at Watukosek, the major part of the TOMS enhancement can be attributed to the tropospheric ozone enhancement.
To investigate the temporal variation of vertical distribution of tropospheric ozone and wind in 1994 in detail, the five ozonesonde sounding results are shown in Figure 3 . On July 20, the ozone mixing ratios below 12 km were mostly less than 40 ppbv, whereas that above 12 km increased rapidly with altitude (Figure 3(a) ). The large positive vertical gradient of ozone in the uppermost troposphere may suggest a transport from the stratosphere (see also Figures 4(a) and 4(d)) [cf. Fujiwara et al., 1998b] . On August 22, while the concentrations between 7 and 12 km increased to more than 50 ppbv, those below 6 km were 10-30 ppbv (Figure 3(b) ); the integrated tropospheric ozone, which has larger weight for the mixing ratios in the lower atmosphere, was still as low as 20 DU. On September 27, the concentrations below 9 km mostly exceeded 50 ppbv, enhancing the tropospheric ozone up to 35 DU (Figure 3(c) Figure 2 , the increase of tropospheric ozone explained 100% of the total ozone increase at Watukosek. Moreover, the analysis of preliminary Earth-Probe/TOMS data also showed a total ozone enhancement with similar horizontal extent and temporal variation to the 1994 case: In October, the ozone-enhanced region with 280,,•290 DU spread between 75øE and 110øE in longitude and between 8øN and 10øS in latitude, and Watukosek was located at the eastern edge of the enhancement. (See also the TOMS data analysis by Chandra et al. [ 1998] .) The 280 DU concentration was about 20 DU larger than the concentration in the region in August and that over the central Pacific in October. These results suggest that the enhancements of total and tropospheric ozone observed at Watukosek in 1997 were also caused by the forest fires in Indonesia.
Five of the 1997 sounding results are shown in Figure 4 . On August 13, the ozone mixing ratios in the troposphere were still 15-30 ppbv except for the altitude regions below 1 km and above 15 km (Figure 4(a) ). On September 17, the concentrations increased to above 40 ppbv throughout the troposphere, and a maximum of 90 ppbv was found at 6-7 km (Figure 4(b) ). The largest ozone enhancement was observed on October 22 (Figure 4(c)) ; the concentrations exceeded 50 ppbv throughout the troposphere and exceeded 100 ppbv at several altitudes, resulting in a maximum tropospheric ozone of 55 DU. Chandra et al. [ 1998] Reports of other in-situ observations are being prepared at present. In October 1997, aircraft measurements were conducted over Kalimantan, and extremely high CO concentrations (7-9 ppmv at 1.3 km altitude and 0.5-1 ppmv at 4.4 km) were obtained [Sawa et al., 1998 ]. During the same campaign, Tsutsumi et al. [1998] reported ozone enhancements just above the planetary boundary layer where solar ultraviolet radiation could reach, suggesting photochemical production of ozone, though they also observed rather low ozone concentrations in the heavily hazy boundary layer.
Summary
In 1994 and in 1997 when extensive forest fires were reported in Indonesia, pronounced enhancements of total and tropospheric ozone were observed at Watukosek, Indonesia. The integrated tropospheric ozone increased from the bottom level of 20 DU up to 40 DU in 1994 and up to 55 DU in 1997. In both cases, most of the total ozone enhancements observed in the same periods originated in the troposphere. On October 13, 1994, the ozone mixing ratios were mostly above 50 ppbv throughout the troposphere and exceeded 80 ppbv at some altitudes. On October 22, 1997, the concentrations were above 50 ppbv throughout the troposphere and exceeded 100 ppbv at several altitudes. The coincidences of the enhancements with the forest fires suggest that they were both caused by the photochemical production in the troposphere through the ozone precursor gases emitted from the fires.
The years 1994 and 1997 correspond to years of E1 Nifio events when convective activity becomes low in Indonesia. Under such a condition, the precipitation becomes considerably sparse compared to the normal year, and forest fires may occur and widely spread. Thus, it is likely that, in the Indonesian region, pronounced enhancements of tropospheric ozone associated with extensive forest fires may take place with a period of a few years coinciding with E1 Nifio events. This is in a marked contrast to the situation in South America and Africa where large-scale biomass burnings occur every year.
